An Approach to the Prediction of the Frequency Distribution of Gust Loads on Airplanes in Normal Operations by Press, Harry
or-------------------------------------------------~ 
co 
co 
C\J 
Z 
E-l 6 NATIONAL ADVISORY COMMITTEE 
~ FOR AERONAUTICS 
TECHNICAL NOTE 2660 
AN APPROACH TO THE PREDICTION OF THE FREQUENCY 
DISTRIBUTION OF GUST LOADS ON AIRP LANES 
IN NORMAL OPERATIONS 
By Harry Press 
Langley Aeronautical Laboratory 
Langley Field, Va. 
~ 
Washington 
April 1952 
BUS'NESS, Sf'IENC£ 
& TECHNvLOGY 1.Jt. • 
https://ntrs.nasa.gov/search.jsp?R=19930083319 2020-06-17T19:03:13+00:00Z
IN 
.. 
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
TECHNICAL NOTE 2660 
AN APPROACH TO THE PREDICTION OF THE FREQUENCY 
DISTRIBUTION OF GUST LOADS ON AIRPLANES 
IN NORMAL OPERATIONS 
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SUMMARY 
As a basis for the prediction of the gust-loaQ history of airplanes 
in service operations , the statistical concepts of random variables and 
probability distributions a re applied to the "sharp edge gust" formula. 
Expressions are derived for the frequency distribution of gust loads in 
terms of distributions of the related variables such as effective gust 
velocity and airspeed. Solutions are obtained under assumptions that 
appear reasonable on the basis of present practices in gust research. 
The results are applied in an example and the predicted load experience 
is compared with the available flight loads data for this case. 
INTRODUCTION 
The prediction of the gust and gust - load experience of an airplane 
in operational flight is a problem requiring continuing study for the 
development of safe and efficient aircraft . After a basic design is 
selected, one of the problems faced by the designer in setting the ulti -
mate and fatigue strength of the primary structure is the prediction of 
the airplane gust - load history . Because the load applied to an airplane 
when encountering a gust is a function of both the gust velocity and a num-
ber of associated operating conditions , such as airspeed and altitude, 
information is needed not only on the characteristics of atmospheric tur-
bulence but also on how and where the airplane will be flown. 
In operating practice, the gust intensities encountered vary in an 
irregular manner over a wide range of intenSities ; in addition, the air -
speeds and altitudes at which gusts a re encountered also vary over an 
appreciable range for a given airplane . The load history of an airplane 
thus depends upon combinations of conditions in gust encounters. Since 
the particular combinations of conditions that occur in gust encounters 
are, within certain physical limitations , largely irregular and beyond 
control, the load experience exhibits some of the characteri stics of 
chance phenomena and may be described by probability methods. 
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The statistical nature of the gust - load history has been widely 
recognized and considerable effort has been expended in the collection 
and analysis of gust - loads flight data . Until recently, these data were 
largely collected by use of NACA V-G recorders from which information 
could be obtained only on the larger loads and gusts . With the develop-
ment of time - history recorders, such as the VGH recorder of reference 1, 
suitable for operational use, the entire range of gust and load inten-
sity may be studied. In this connection there exists the problem of 
developing methods appropriate to the use of these data for purposes of 
load prediction . This problem is considered in the present paper in 
which an approach to the prediction problem based on probability methods 
is presented . 
In the present analysis, the statistical theory of random variables 
and frequency distributions is applied to the form of the sharp- edge -
gust equation . The frequency distribution of airplane gust loads is 
derived in terms of the frequency distributions of related variables 
such as effective gust velocity and airspeed under assumptions that 
appear reasonable . The analysis is extended to include the frequency 
distribution of gust loads as a function of airspeed in order to permit 
the determination of the frequency distribution of lift and moment forces. 
The nature and form of the data required for application are indicated . 
Finally) the methods of application are illustrated in an example in 
which the expected frequency distributions of loads for particular opera -
tions of a modern transport airplane are derived. The results obtained 
are compared with available flight loads data. 
ANALYSIS 
Statistical Background 
The next few paragraphs will present some of the fundamental 
statistical concepts and relations used in this paper . These concepts 
and relations are covered in detail in standard textbooks such as 
reference 2 . 
Statistical theory r e sts upon the concept of a "random variable ." 
This concept assumes that an observation of a variable x may have a 
multitude of values over a finite or infinite range . For an observation 
selected at random, all values may not occur with equal probability and 
the probability of a given value occurr ing may be defined by a function 
f(x) such that f (x ) dx is a measure of the pr obability that a random 
value will fall in the interval 
x _ dx<x<x+dx 2 2" 
\ ~-j 
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The function f(x) is herein referred to as the frequency function and 
is related to the probability- distribution function F(x) by the 
relation 
F(x) = J~ f(x) dx (1) 
where F(x) defines the probability that a random value will fall below 
a given value x . The probability F(x) may be considered to represent 
the proportion of all values of x below a given value and is a bounded 
function 0 ~ F(x) ~ 1 . Similarly) the complementary function 1 _ F(x) 
defines the probability that a random value will be greater than the 
given value x. 
In a manner analogous to the single - variable case) multivariate 
functions may be defined to represent several properties of a given 
random event or observation and the probability distributions of these 
properties. The relation between the multivariate frequency function 
and the probability-distribution function is given by 
( 2) 
where Xl) x2) . .. xn are n random variables) f(xl)x2) ... xn ) is 
the multivariate frequency function of the variables Xl) x2) ... xn ) 
and F(xl)X2) . .. Xn) defines the probability that a random observation 
will have values less than given values of Xl) x2) . .. xn . If 
then the distributions of the variables Xl) x2) .. . xn are said to be 
statistically independent and the distribution) of Xl for example) is 
the same for any fixed values of the other variables . The property of 
statistical independence provides a useful baSis for simplification in 
many statistical applications and will be referred to subsequently. 
If a variable y is a function of several random variables 
y = G(xl)x2) xn ) ) then from equation (2) the probability distribution 
fUnction of y) F(y)) is given by 
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(4 ) 
where the limits of integration are restricted to the domain of values 
If, further, the variables xl) x2) ... xn are considered statistically 
independent) equation (4) becomes 
Equation (5) permits the combination of the individual distributions of 
the several independent variables for determining the distribution of 
the related function Yl the distribution of y depending only on the 
individual distributions of the variables xl) x2) ... xn and 
G(Xl)X2) ... Xn)-
Sharp - Edge-Gust Equation 
In many investigations of gust-loads problems, the peak acceleration 
increment L'm experienced by an airplane under the action of a verttcal 
gust is given in terms of the so - called sharp- edge - gust equation . Inas-
much as this paper is concerned with statistical conSideration of the 
form of the sharp- edge - gust equation) the equation will be defined and 
briefly discussed. The sharp-edge-gust equation (reference 3) may be 
expressed as 
where 
a 
Po 
slope of the lift curve) per radian 
air density at sea level) 0.002378 slug per cubic foot 
"effective" gust velocity) feet per second 
equivalent airspeed crl /2y) where V is the t rue airspeed 
measured in miles per hour and cr is the ratio of actual 
air density to standard air density at sea level Po 
( 6) 
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VI 
s 
K 
airplane weight; pounds 
wing area; square feet 
alleviation factor used to take into account the effects due 
to lag in lift; the vertical velocity of the airplane; and 
the gradient distance of the gust 
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The corresponding maximum air - load increment (as distinct from load-
factor increment) experienced by an airplane under the action of a gust 
can; from equation (6); be expressed as 
= 1.467 KpoaUeVeS 
2 
If the possible compressibility effects on the slope of the lift curve 
are neglected) the load increment 6L is a function only of K) Ue ) 
and Ve for a given airplane type . 
Frequency Distribution of Gust Loads 
Probability relation for gust loads .- Consideration of the opera-
tional gust -load history of an airplane indicates that the variations in 
the values of K; Ue ) and Ve in equation (7) may be treated by proba-
bility methods. The variables K) V) and Ue may be considered to be 
random variables defined by probability or frequency distributions. 
Statistical theory may then be applied to predict the relative frequency 
of occurrence of various combinations of values of the variables K; Ue ) 
and Ve and; hence) the associated load increments. The irregular and 
erratic nature of gust sequences and the many factors influencing the 
airspeed and K value in a gust encounter would appear to make the 
approach through probability methods not only the most reasonable but 
also perhaps the only feasible approach . 
The probability-distribution function of the air-load increment 
F(6L) may) from equation (4); be expressed as 
• 
(8) 
where the limits of integration are restricted to the domain of values of 
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The function F(6L) defines the proportion of load increments with 
values less than a given value . Thus) F(6L) is the proportion of all 
loads having values less than ~ . The expression fl(K)Ue)Ve ) repre -
sents the multivariate frequency function of the random variables K, 
Ue) and Ve and defines the relative frequency with which all possible 
combinations of values of the variables occur . (Unfortunately) in 
practice the function fl(K)Ue)Ve) is neither known nor feasible to 
obtain for particular conditions and) furthermore, is subject to change 
with changes in operating practice or airplane type.) 
If the variables K, Ue) and Ve are statistically independent) 
equation (8) may be expressed from equation (5) as 
where f2(K), f3(Ue ), and f4(Ve ) are the frequency functions of the 
random variables K) Ue) and Vel respectively . For a given set of 
operations, a knowledge of the applicable individual distributions of 
K) Ue, and Ve would therefore allow the determination of the fre-
quency distribution of load increments . 
Distribution of effective gust velocity .- The effective gust velocity) 
being a measure of the atmospheric disturbance, is the fundamental vari -
able in the sharp- edge -gust equation that gives rise to the airplane 
load) whereas the values of the variables K and Ve affect the magni -
tude of the resultant load . Past work has indicated that the character -
istics of atmospheric gustiness can be described in terms of the fre -
quency of occurrence of gusts and the distribution of gust intensities 
(probability distributions) . As indicated in reference 4) the frequency 
of atmospheric gusts and the distributions of gust intensities appear to 
vary widely. The information available suggests that the gust character -
istics of the atmosphere vary with the type of weather) geographical 
regions) altitude) and season of the year . Typical probability-
distribution functions of effective gust velocity above a threshold of 
4 feet per second for various weather conditions are shown in figure 1. 
The available data for these test conditions appear to approximate 
simple exponential distributions. The frequency of occurrence of the 
gusts is also indicated by A) the average number of gusts per mile of 
flight. The over -all gust history in normal operations consists of com-
binations of the distributions of figure 1 and others; the over-all 
distribution of gust intensities may be expected to depart from linearity 
and vary appreciably among different types of operations . In view of 
this variability) it is apparent that the appropriate gust distribution 
for a given set of operating conditions is required in order to obtain 
reliable predictions of load experience. 
----~------
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Distribution of airspeeds . - The variable Ve as used in equa-
tions (8) and (9) refers to the airspeeds at which gusts are encountered. 
Experience has indicated that many pilots) in recognition of the rela-
tion of load and acceleration to the airspeed at which gusts are encoun-
tered) attempt to reduce airspeed in rough air. In these cases) the 
over-all airspeed time distribution is not independent of the gust 
velocity Ue and consequently cannot be used for present purposes. 
Available data indicates that airspeeds in rough air are generally lower 
than the airspeeds in smooth air and may be independent of the intensity 
of the turbulence. The over-all distribution of airspeed in rough air 
~ould consequently appear satisfactory for determining the function 
f4(Ve ) in equation (9) . The distribution of airspeed in rough air may 
most easily be obtained from sample records of flight data. In the 
absence of sample flight data) usable estimates of this distribution may 
be derived from a consideration of the airplane characteristics and the 
operating conditions. 
Alleviation factor K.- The variable K) the alleviation factor) 
introduces a serious complication to the analysis inasmuch as the air-
plane response is a complex function of airplane and gust characteristics. 
The airplane response has frequently been assumed to be a function of the 
mass parameter M of the airplane and the gust - gradient distance. Since 
the mass parameter is a function of airplane weight and air denSity, its 
value will vary for a given airplane and operator . For particular air-
planes, the factor K may be expected to vary over a range of about 
±10 percent. This variation is small and may be expected to have only a 
minor effect on the load distribution . In addition, prevailing practice 
in the evaulation of gust statistics are, for simplicity or lack of 
information, generally restricted to the use of a single K value for a 
particular set of operations . Thus the effects of the variations in K 
are already included in the gust statistics. In view of the foregoing 
discussion which indicates that the variations in values of K are 
generally small and are already included in published gust statistics, 
generally no serious error would be introduced by neglecting the variable 
character of K. 
Distribution of gust loads .- Under the assumption of a constant 
value of K, equation (9) is reduced to 
(10) 
where the limits of integration are restricted to the domain of values of 
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where 
If the distribution of effective gust velocity f 3(Ue ) is assumed 
symmetrical about the zero axis which is the usual practice (up and down 
gusts are assumed to have the same probability distribution), positive 
gusts alone may be considered since the distribution of associated load 
increments will likewise be symmetrical . Thus, if only positive gusts 
are considered and small gusts which have values below some threshold 
value Uel are neglected, the integration of equation (10) with respect 
to Ue yields 
Since no gust velocities below the value Uel are considered, 
F3(Uel) = 0 by definition and equation (11) becomes 
( 11) 
Equation (12) may also be written in terms of the complement of F(6L), 
1 - F(6L), as 
This form is frequently more convenient for computational purposes. 
The nature of the volume integral equation (12) is illustrated in 
figure 2. The illustrated surface, f(Ue,Ve ) = f3(Ue )f4(Ve ), represents 
the joint frequency function of the variables Ue and Ve. A given 
value of load increment 6L is represented by the hyperbola 6L = kUeVe 
in the Ue,Ve plane . The probability of occurrence of values of 6L 
V + dYe . b less than a given value in an airspeed interval e _ ~ is glven y 
F3(~e)f4(Ve ) dYe indicated on the left side of the figure . The term 
F3(6L )f4(Ve ) dYe represents the volume of a slice normal to the Ve kVe 
axis and bounded by the Ue,Ve plane, the F(Ue,Ve ) surface, the 
2N NACA TN 2660 
hyperbolic surface 61 = kUeVe ) and the plane Ue = Uel . The volume 
integral for F(61) of equation (12) is obtained by the summation of 
these slices along the Ve axis . 
9 
Under the assumption of a constant airspeed Ve ) the F(Ue)Ve ) 
surface of figure 2 reduces to a curve in the plane of constant airspeed 
and equation (12) reduces to 
F( 61) = F3(~ ) 
kVe 
( 12b) 
This simplified solution has sometimes been used in estimating the fre -
quency distribution of loads for a given frequency distribution of 
effective gust velocity . 
Equat ion (12) yields the probability distribution of gust loads 
F(61) which gives the proportion of gust loads having values less than 
given values of 61. For given operations , however, interest centers in 
the number of loads of a given intensity or in the frequency distribution 
of gust loads. From the definition of the probability-distribution 
function 
where N(61) 
of 61 and 
the same as 
less than a 
F(61) 
is the number of l oad 
N is the total number 
the number of gusts) . 
given value N(61) is 
(13) 
increments less than a given value 
of loads (which will) of course) be 
The total number of load increments 
consequently given by 
N(61) = NF(DL) (13a) 
and for evaluation requires information on the total number of gusts 
expected or the average frequency of occurrence of gusts . The total 
number of load increments in a given interval of load intensity) for 
example 611 to 612 (612 > 611)) is from equation (13) given by 
N(61l < 61 < 612) = N~(612) - F (61l~ (13b) 
Distribution of gust loads by airspeed .- The foregoing analysis pro -
vides a means of deriving the total frequency distribution of gust loads 
from the distributions of effective gust velocity and airspeed . In addi-
tion) these results may be extended to derive the frequency distribution 
of loads separately for various airspeeds . This extension is sometimes 
deSired for use in connection with estimates of the chordwise distribu-
tion of loads. If steady flow conditions are assumed to hold) the 
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frequency distribution of applied lift and moment forces may be derived 
from the frequency distributions of load by airspeed. 
From equation (12)) consider the function F3(~e~4(Ve). Integrating 
this function between given values of Vel between Vel and Ve2 for 
instance) for various values of 6L gives 
(14) 
where F(6L)V is the proportion of all loads occurring in the air-
el_2 
speed interval Vel to Ve2 ) with values of load less than 6L. An 
approximate method of determining the distribution of load increments by 
airspeed brackets (frequently more convenient for computational purposes 
than equation (14)) may be derived by integrating equation (10) with 
respect to Ve for positive gusts above the threshold value Uel and 
over the airspeed bracket Vel to Ve2 where the airspeed bracket is 
reasonably small (5 to perhaps 20 mph). The integration yields 
(15 ) 
where Ve is an average value of Ve in the airspeed bracket Ve to 
1 
V
e2 . For,present purposes) sufficiently accurate estimates of Ve are 
obtained by using the mean value defined by 
(15a) 
From equation (15)) the probability distribution of loads F(6L)-y 
e 
due 
to positive gusts above a threshold value of Uel and in a given airspeed 
bracket is given by 
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(16) 
In terms of the complement of F3~e)) equation (16) may be given as 
which yields the proportion of all loads that occur in a given airspeed 
bracket and have values greater than given values of 61. Equation (16) 
or (16a) may be evaluated readily to obtain the probabil~y-distributlon_ 
function of loads for each airspeed bracket . The term ~ 4(Ve2) - F4(Vel)J 
in equation (16) represents the proportion of flight time (or distance) 
spent in the airspeed range Ve to V
e2 . The term F (61) transfers 1 3 kVe 
the probability function of effective gust velocity to an associated 
probability function of loads under the assumption that the airspeeds in 
the airspeed bracket are confined to the mean airspeed for the interval. 
In a manner analogous to the case of the total frequency distribu-
tion of loads) the number of loads that occur in a given airspeed bracke t 
and have a value less than a given value of 61) N(61)) is obtained 
from equation (16)) and the total number of loads (or gusts) N is 
obtained from the expression 
N(61) 
Numerical Solutions 
(17) 
Over-all probability distribution of gust loads.- For known distri-
butions of Ue and Ve ) the distribution of load increments may be 
obtained from equation (12) . The distributions of Ue and Ve which are 
commonly encountered cannot) however) be readily approximated by simple 
functions and) further) equation (12) is not readily integrable in closed 
form for even the simple distribution functions. An approximate and 
systematic evaluation can generally be made by numerical methods. Using 
Simpson's rule with an interval of airspeed 6V permits equation (12) 
to be expressed as 
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F(~l) = ~V r3(:~Jf4CVel) + 4F3 (:V~Jr4(Ve2) + ••• + F3(:!)4(Ven~ 
F(~2) = "; t3(::J4(Ve1) + 4F3(:!2)f4(Ve2) + •.• + F3(:!)4(Ven~ 
. . . . . . . . . . . . .. ................... . 
Fe6Lr) = "; [3(::)4(Ve,) + 4F3(::,)r4(Ve2) + ••• + F3(~nf4(Ven)J 
(18 ) 
I n matrix form this equation may conveniently be written as 
(~ ) F3(6L1 J F( 61,1) F3 1 f 4 (Vel) x 1 kVel kVe n 
F( 61,2) F3(6L2) ... F3(:2 ) f 4(Ve 2) x 4 kVel en 
. . . = 6V X f4(Ve 3) X 2 (18a) 3 
. . . . 
. . . . .... . .... . ... 
F( 6Lr) F3(~ ) ... F3(~ ) kVel en f4(Ven ) X 1 
Distribution of loads by airspeed. - The determination of the distri-
bution function of load increments by airspeed brackets is straightfor -
ward and requires the evaluation of equation (16 ) or (16a) . The mean 
a i rspeed for each speed bracket defined by equation (15a) can be estimated 
by using Simpson's rule and is given by 
I 
• I 
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Velf 4.C'el) + 4Ve3!2f4(Ve3!2) + Ve2f4(Ve2) 
f4(Vel) + 4f4 CVe3/2) + f4(Ve 2) 
where the subscripts 1, 3/2, and 2 refer to the airspeeds at the 
beginning, midpoint, and end point, respectively, of each airspeed 
bracket. 
ILLUSTRATIVE PROBLEM 
13 
(19) 
In order to illustrate the application of the foregoing analysis, 
the results obtained were applied to available data to estimate the 
expected load history for a t win -engine airplane in transport operations. 
The example is developed in two parts. In the first part, the over-all 
probability distribution of load increments is obtained from available 
data on the distributions of effective gust velocity and airspeed. In 
the second part of the example, the same basic data are used to derive 
the distributions of load increment by airspeed brackets. The results 
obtained are in each part compared with available flight loads data for 
these operations . The basic data used in the example will be presented 
and then used in an application to the t wo parts of the example. 
Basic Data 
Distribution of effective gust velocity .- Information on the distri-
bution of effective gust velocity for the present operations is available 
from a limited sampl~ of time -history record of normal acceleration and 
airspeed covering 281 hours of operations (reference 5). Because of the 
limited range of the effective gust velocities available from these 
records, the probability distribution of effective gust velocity F3(Ue ) 
could not be determined from these data with suitable accuracy, particu-
larly at the higher intensities of effective gust velocity. The avail-
able data, however, approximated the shape of the probability-distribution 
curve labeled cur ve B and given in refer ence 4 whi ch was based on more 
extensive gust statistics . This distribution was consequently used as 
a basis for the probability-distribution function F3(Ue ) required for 
the present example . The B curve of the reference was normalized to a 
threshold value of 4 feet per second, the threshold selected for the 
present case, and is shown in figure 3 . The figure actually gives the 
complement of F3(Ue ), or 1 - F3(Ue ) , in order to permit greater accu-
racy of reading at the higher gust velocities . 
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Frequency of occurrence of gusts .- Equations (13) and (14) show 
that, in order to determine the frequency distribution of loads or the 
number of loads of given intensity in a given period, a total number or 
an average frequency of occurrence of gusts or loads is required in 
addition to their probability distributions. From the available time -
history data of reference 5, an average frequency of occurrence of 
effective gust velocities greater than 4 feet per second of 0. 7 gusts 
per mile of flight (0. 35 positive and 0. 35 negative gusts) was estimated. 
This value of average gust frequency is used in converting the probabil -
ity distributions to frequency distributions in the present example . 
Distribution of airspeed. - The frequency function of airspeed 
f4(Ve) used in the present example is shown in figure 4 and was based 
on about 130 of the 281 hours of airspeed record in which rough-air con -
ditions existed . The integral of f4(Ve ) over an airspeed interval, 
Vel to V
e2 for example, indicates the proportion of the total flight 
distance spent at speeds between Ve and 
1 
Ve . 
2 
Flight distance was 
used herein rather than flight time because the available information 
suggests that flight distance is the more appropriate parameter. (See, 
for example, reference 4.) 
Numerical values .- The numerical values assumed for the calculations 
of the present example are : 
Po' slugs per cubic foot 
a, per radian . . . . 
S~ square feet . . . . 
W (estimated average), 
K .• .••• • 
k 1.467 KPoSa 2 
pounds 
Over-all Frequency Distribution of Gust Loads 
0.002378 
5 
864 
33,900 
1.16 
8 .741 
Probability distribution of gust loads .- The determination of the 
over -all probability distribution of gust loads requires the evaluation 
of equation (18) or (18a) . By use of an airspeed interval of 10 miles 
per hour, the numerical values of the a rguments DL in equation (18a) 
kVe 
were obtained and are given in table r(a). The values of DL shown in 
the table are, with the exception of the first value which is the lowest 
load increment value obtainable from the present case (the load resulting 
from a 4-fps gust at an airspeed of 120 mph), given in increments of 
load equivalent to O. lg load - factor increments starting at 0. 2g (6780 Ib). 
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The appropriate values of F (~) and f4(Ve ) are obtained from fig-3 kVe 
ures 3 and 4, respectively . In order to reduce the amount of computa-
tion, the evaluation was actually carried out for the complementary 
functions 1 - F(~) and 1 - F3(Ue ) as given by equation (12a). The 
matrix evaluation is shown in table I(b) and the solution 1 F(~) is 
shown in figure 5. This figure indicates the probability of a load 
having a value greater than the indicated value. 
Comparison of expected distribution of loads with flight loads data.-
The frequency distribution of normal acceleration for values greater 
than 0.3g was available from the present operations for 834 hours of 
flight. On the basis of an estimated average airplane weight of 
33,900 pounds, these accelerations were converted to loads and the fre-
quency distribution of loads obtained is shown in figure 6 in terms of 
the number of loads encountered greater than indicated given values. 
For comparison, the expected frequency distribution of loads for this 
flight time (8 34 hr) was derived by using the probability distribution 
1 - F(~) given in figure 5 and the average gust frequency of 0.7 gust 
per mi le previ ously taken as representative of the present operations. 
If an average airspeed of 200 miles per hour is assumed, a total of 
(834)(200)(0 . 7) = 116,760 gusts are obtained . The expected number of 
loads greater than given values of load is then given by the expression 
116,760 [1 - F(~)J. The results obtained are also shown in figure 6 
for comparison with the observed flight loads data . 
Distribution of Load Increments by Airspeed Brackets 
Probability distribution by airspeed bracket .- In order to illustrat e 
the evaluation of the distribution of load increments by airspeed bracket, 
the evaluation of equation (16a) was completed for the present example by 
using increments of 20 miles per hour for the brackets, that is, 120 to 
140, 140 to 160, and so forth . The values of the argument (~) in 
kVe 
F3(6L \ for each airspeed bracket fo r selected values of load increment 
kVe ) 
are given in table II (a), where the mean airspeed Ve for each airspeed 
bracket was obtained by using equation (19) and is also indicated in the 
table. The values of [1 - F3(~e)J were obtained by using figure 3 
for each of the values of ~/kVe of tabl e II (a) and are given in 
table II(b). The val ues of ~4(Ve2 ) - F4(Vel)] in equation (16) were 
estimated from figur e 4 by using Simpson ' s rule and are given by the 
relation 
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where the subscripts 1, 3/2, and 2 refer to the airspeed at the beginning, 
midpoint, and end point, respectively, of each airspeed bracket. The 
results obtained for each airspeed bracket are given at the bottom of 
table II(b). The probability- distribution function of load increment 
obtained for each airspeed bracket by substituting the numerical values 
of table II(b) into equation (16a) are given in table II(c). The over-
all distribution of load increment for all airspeed brackets 1 - F(hL) 
obtained by adding across each run is also given in the last column of 
the table. The distributions of load increment by airspeed bracket are 
shown in figure 7 and indicate the probability that a load will occur in 
a given airspeed bracket and have a value greater than the values 
indicated. 
Growth of airspeed-load envelope.- Inasmuch as the total load expe-
rience for a given number of gusts or loads is defined for each airspeed 
bracket by the distributions of figure 7, the airspeed-load envelopes 
(maximum load increments as a function of airspeed) may be estimated 
directly. For given flight distances, for example 105 , 106, and 107 
flight miles, a total of 0.35 x 105 , 0.35 x 106 , and 0.35 x 107 positive 
(and also negative) gusts, respectively, may be expected for the present 
operations. For a given number of gusts or loads, the average number of 
loads that may be expected to exceed a given value is, from statistical 
theory, given by NP where N is the number of loads and P is the 
probability of a random value of load exceeding a given value (or the 
proportion of loads exceeding a given value). Thus, the maximum load 
that may be expected, on the average, to be exceeded once (the average 
maximum load of N loads) is the load intensity corresponding to a 
probability value of P = 1. On this baSiS, the expected maximum load 
N 
increments for given numbers of gusts may be obtained from figure 7 by 
setting the probability P equal to 1/(0.35 x 105 ), 1/(0.35 x 106 ), and 
1/(0.35 X 107 ), respectively, and reading the load values at the inter-
sections of these horizontal lines with the probability distributions 
for each airspeed bracket. The probable maximum load increments obtained 
in this manner are shown plotted at the mean values of airspeed Ve in 
figure 8. Faired lines are shown to indicate the over-all envelopes that 
may be expected for the given flight distances. The determination of 
the negative load increments is, of course, directly parallel and the 
symmetrical negative envelope is also shown in figure 8 . 
Comparison of predicted and observed airspeed-load envelopes.-
V-G records covering 28,116 hours of flight or 5. 62 x 106 miles of flight 
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(obtained by assuming an average airspeed of 200 mph) were available 
from operations of the present type. An average operating weight of 
33)900 pounds was assumed and the over -all load - velocity envelope shown 
in figure 9 was obtained from a composite of the V- G records. Although 
V-G records do not permit the separation of the loads due to gusts and 
maneuvers) an airspeed-load envelope based on the present analysis was 
derived for comparison. If the average frequency of 0.35 positive gusts 
per mile of flight is used) a total of about 1 .97 X 106 positive (and 
also negative) gusts may be expected for the period covered by the 
V-G records. For a value of P = 1 6) the expected load envelope 
1.97 x 10 
may be obtained from figure 7 as previously outlined . The results 
obtained are shown in figure 9 for comparison with the load envelope 
obtained for the V- G data. The predicted envelope indicates average 
expected limits of the envelope for the period covered by the present 
V-G records. 
DISCUSSION 
The results obtained in the application of the present analysis to 
a particular set of operations (figs. 5 and 7) illustrates the nature of 
the probability distributions of load increments due to gusts. Compari-
son of the predicted frequency distributions of load increment and the 
measured distribution based on 834 hours of operations (fig. 6) indicates 
that the results in this case are in good agreement . The predicted num-
bers of loads appear conSistently somewhat larger than actually observed) 
but differences of the magnitudes observed may be expected from sampling 
variations since the gust spacing assumed for the present example was 
based on a limited sample of only 286 hours of time -history record. It 
is of interest to note that the use of a simplifying assumption that the 
airplane flies at an average airspeed (equation (120)) yields an equally 
good estimate of the observed flight loads in this case . It is easy to 
show) however) that the good agreement will not be obtained for other 
gust distributions or for distributions of airspeed that depart appre-
ciably from a symmetrical distribution or have greater scatter. 
Although the verification of the complete predicted load history is t 
not possible at this time) the over -all velocity- load envelope has been 
checked against the more extensive coverage available from V-G records. 
Comparison of the predicted load envelope with that obtained from the 
V-G records (fig. 9) indicates that the predicted envelope for 28)116 hours 
is in reasonable agreement with that measured over the airspeed range of 
160 to perhaps 240 miles per hour . In this range) only two large positive 
loads (at about 175 and 190 mph) exceed the predicted envelope by a 
significant amount. Inasmuch as the prediction represents an average 
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condition, the differences between the predicted envelope and the 
V-G data are not considered significant. 
Although the agreement between predicted and measured load envelopes 
appears good in the middle airspeed range, figure 9 indicates that the 
present analysis does not predict adequately the load envelope for air-
speeds below 160 miles per hour or above 240 miles per hour. The inabil-
ity of the present methods to determine adequately the high- and low-
speed part of the load envelopes is not, however, surprising. The present 
analysis is based on considerations of the loads due to gusts only, 
whereas the high- and low-speed loads are probably associated with maneu-
vers. Examination of the 265 V-G records on which the load envelope was 
based, indicated that six records contributed to the composite above 
about 265 miles per hour. The adequate estimation of the high- and low -
airspeed parts of the load envelope appears consequently to require both 
a consideration of the maneuver contributions and larger preliminary 
samples to obtain a measure of the frequency with which the loads 
associated with the high- speed part of the envelope may be anticipated. 
In the application of the present methods to the problem of pre-
dicting the history of loads for the service life of an airplane, the 
major problems involve the selection of the appropriate distributions of 
effective gust velocity and of airspeed to be used in particular cases. 
In addition, greater preciSion in the predictions may be obtained by 
dividing the service life into significant parts in accordance with 
information on the parameters which are likely to affect the distributions 
of K, Ue, Ve or their interrelations. As an example, for a high-
altitude transport, the division may be made into three flight stages, 
climb, level flight, and descent, since available information suggests 
that the gust experience, the airspeed distribution, and the value of 
the alleviation factor K may be expected to differ among these flight 
stages. 
The appropriate distribution of effective gust velocities for a 
particular case is, of course, a fundamental problem which appears, from 
the variations indicated in figure 1, to require ultimately the collec -
tion of gust statistics in order to describe more precisely the distribu-
tion of gust velocity for various atmospheric conditions. The immediate 
practical solution appears to be the study of the gustiness experienced 
in various types of operations by the collection of samples of gust 
statistics . Such studies are now underway . 
The appropriate airspeed distribution to be used in equation (12), 
as already pointed out, is the airspeed distribution in rough air . The 
use of samples of airspeed record even of small size, as indicated by 
the illustration, appears adequate . When sample data are not available, 
as in the design stage of a new airplane, other recourses are necessary. 
The study of airspeed distributions in normal operating practice and the 
J 
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relation of these distributions to airplane characteristics, design 
parameters, flight stage, and level of gustiness may provide a basis for 
the estimation of the airspeed distribution appropriate to new airplanes. 
The assumption, used herein, of independence between gust velocity and 
airspeed may warrant more precise investigation in particular cases. 
CONCLUDING REMARKS 
An analysis of the problem of predicting the frequency distribution 
of gust loads on airplanes has indicated that the frequency distribution 
can be predicted f rom a knowledge of the frequency distributions of 
effective gust velocity and airspeed. The analysis also yields the dis-
tribution of load increments for different airspeeds. The application 
of the methods in an example indicates reasonable agreement between the 
predicted frequency distribution of gust loads and measured flight loads 
data. For extended operations, the present methods appeared satisfactory 
for predicting the airspeed-load envelope in the airspeed cruising range 
but did not adequately predict the load envelope at the lower and higher 
airspeeds. 
Langley Aeronautical Laboratory 
National Advisory Committee for Aeronautics 
Langley Field, Va., Oc tober la, 1951 
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Load 
increment, 
CL Ve = Ve = V = e (lb) 120 mph 130 mph 140 mph 
4,196 4.00 3.69 3.43 
6,780 6. 46 5.97 5 .54 
10,170 9 .70 8 .95 8 . 31 
13,560 12 .93 11.93 11.08 
16,950 16 .16 14 .92 13 .85 
20, 340 19 . 39 17.90 16 .62 
23 ,730 22 .62 20.88 19.39 
27 ,120 25 .86 23 .87 22.16 
30,510 29 ·09 26 .85 24 .93 
33 ,900 32.32 29 .83 27 .70 
\ 32 .82 30.47 37,290 35 .55 
40, 680 38 .78 35 .80 33 .24 
44,070 42 .01 38 .78 36 .01 
47,460 45.25 41 .77 38 .78 
50,850 48 .48 44.75 41.55 
TABLE I 
EVALUATION OF PROBABILITY DISTRIBUTION OF GUST LOADS 
V = e 
[k = 8. 74:iJ 
(a) Values of Ue = ~ for Each Airspeed Bracket kVe 
CL/kVe for -
Ve = Ve = Ve = Ve = Ve = Ve = 
150 mph 160 mph 170 mph 180 mph 190 mph 200 mph 210 mph 
3.20 3.00 2.82 2 .67 2 .53 2.40 2·29 
5 .17 4.85 4.56 4. 31 4.08 3.88 3.69 
7 .76 7 .27 6.84 6.46 6 .12 5 .82 5 .54 
10. 34 9 .70 9 .13 8 .62 8 .16 7 .76 7 . 39 
12 .93 12.12 11 .41 10 . 77 10.21 9 .70 9 .23 
15 .51 14.54 13 .69 12.93 12.25 11.63 11.08 
18 .10 16 .97 15 .97 15 .08 14 .29 13 .57 12.93 
20. 68 19.39 18.25 17.24 16 . 33 15 .51 14. 77 
23 . 27 21.82 20. 53 19 . 39 18.37 17.45 16 .62 
25 .86 24 .24 22 .81 21.55 20.41 19 · 39 18.47 
28 .44 26.66 25.09 23 .70 22 .45 21.33 20. 31 
31. 03 29 .09 27 .38 25 .86 24 .49 23.27 22 .16 
33 .61 31.51 29 .66 28 .01 26 .54 25 .21 24 .01 
36 .20 33.93 31.94 30.16 28 .58 27.15 25 .86 
38 .78 36.36 34 .22 32.32 30. 62 29.09 27.70 
- --- ----
~---
V = e 220 mph 
2.18 
3.53 
5 .29 
7.05 
8 .81 
10 .58 
12 .34 
14 .10 
15.87 
17 .63 
19.39 
21.15 
22 .92 
24 .68 
26.44 
Ve = Ve = 
230 mph 240 mph 
2·09 2.00 
3. 37 3.23 
5.06 4.85 
6.74 6.46 
8.43 8. 08 
10 .12 9 .70 
11.80 11.31 
13 .49 12.93 
15.18 14.54 
16.86 16.16 
18.55 17 .78 
20.23 19 . 39 
21.92 21.01 
23.61 22 .62 
25·29 24.24 
Ve = Ve = 
250 mph 260 mph 
1.92 1.85 
3.10 2.98 
4.65 4.47 
6 . 21 5.97 
7 .76 7 .46 
9 . 31 8.95 
10.86 10.44 
12.41 11.93 
13 .96 13.42 
15·51 14 .92 
17 .06 16.41 
18.62 17 .90 
20. 17 19.39 
21 .72 20 .88 
23.27 22.37 
~ 
I 
I 
I 
I 
~ (") 
:t> 
~ 
f\) 
0\ 
~ 
f\) 
t-' 
, 
B 
1 - F(4,196) 
1 - F(6, 780) 
1 - F(10,170) 
1 - F(13 ,56o) 
1 - F(16 ,950) 
1 - F(20 , 340) 
1 - F(23,730) 
1 - F(27,120+ 13
0 
1 - F(30 ,510) 
1 - F(33,900) 
1 - F(37 , 290) 
1 - F(40, 680) 
1 - F(44,070) 
1 - F( 41 ,460) 
1 - F(50,850) 
1.00 
1.19-1 
1.3,-2 
1.87-3 
3.48-4 
8 .85-5 
2.61-5 
8 .60-6 
3.19-6 
1.32-6 
6.22-7 
3.00-7 
1.42-7 
6.90-8 
3.50-8 
~BLE I - Concluded 
EVALUATION OF PROBABILITY DISTRIBUTION OF GUST LOADS - Concluded 
(b) Numerical Evaluation of Equation (lBa) for the Over-All Probability Distribution of Load Increments 
[Exponents in this table refer to factor 10 which was omitted for brevity . Thus, 1.19-1 signifies 1.19 X 10-1J 
1 - F3GClL ) kVe for -
Ve = Ve = Ve = Ve = Ve = Ve = Ve = Ve = 
190 mph 200 mph 210 mph 220 mph 230 mph 240 mph 250 mph 260 mph 
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
2.20-1 2.92-1 4.00-1 5 .70-1 7 .18-1 7 .85-1 9 .97-1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
2.08-2 2.85-2 4.62-2 6 .50-2 9 .42-2 1.20-1 1.56-1 2.3r1 2.85-1 3.75-1 4.52-1 5 .70-1 6 .25 -1 6 .98-1 
3.34, 3 5 .20-3 7 .60-3 1.3,-2 1.77-2 2 .50-2 3.20-2 4.80 -2 6 .02-2 7 .40-2 1.03-1 1.19-1 1.48-1 2.20 -1 
6.20-4 1.12-3 1.8,-3 2.73-3 4.09 -3 6 .30-3 8.62-3 1.3,-2 1.6,-2 2.22-2 2.70-2 3.56-2 4.80 -2 5.45-2 
1.70-4 2.80-4 4 .66-4 7.44-4 1.2,-3 1.8,-3 2.4r3 3.81-3 5 .20-3 7.15-3 8 .58-3 1.3,-2 1.58-2 2.19 -2 
5.18-5 8 .85-5 1.42-4 2.58-4 3.8,-4 5 .75-4 8 .50-4 1.22-3 1.8,-3 2.26-3 3.29-3 4.3r3 6.30-3 7.56-3 
1.69-5 3.00-5 5.56-5 8 .85-5 1.40-4 2.08-4 3.18-4 4.66 -4 6 .77 -4 9 .38-4 1.24-3 1.8,-3 2. 35 -3 3.34-3 
6.30-6 1.1,-5 2 .00-5 3.4,-5 5 .60-5 8 .85 -5 1.31-4 1.98-4 2.80-4 4.15 -4 5.40-4 7 .44-4 1.10-3 1.32-3 
2.60-6 4.82-6 8 .60-6 1.50-5 2.4,-5 3.80-5 5 .80-5 8 .85 -5 1.29-4 1.92-4 2.6,-4 3.48-4 4.66-4 6 .20-4 
1.21-6 2.20-6 3.83-6 6.62-6 1.0,-5 1.80-5 2.68-5 4.00-5 5.82-5 8.85 -5 1.26-4 1.81-4 2.30-4 2.92-4 
5 .95-7 1 .04-6 1.92-6 3.19-6 5 .10-6 8 .60-6 1. 37-5 2.00-5 3.00-5 4.18-5 6.00-5 8.85-5 1.22-4 1.70-4 
3.00-7 5.44-7 9 .83-7 1.62-6 2.82-6 4.43-6 6.75-6 1.00-5 1.56-5 2.43-5 3.32-5 4.56-5 6 .58-5 8 .85-5 
1.52-1 3.00-1 5 .28-7 9 .38-7 1.54-6 2 .3T6 3.(2-6 5 .58-6 8 .60-6 1.28-5 1.82-5 2.61-5 3.59 -5 5.18-5 
7 .80-8 1.57-7 3.00-7 5 .20-7 8 .42-7 1. 32-6 2.1r6 3.19-6 4.82-6 7 .18-6 1.00-5 1.50-5 2.00-5 2.70-5 
BB 
o X 1 1.000 
0 .00080 X 4 .892 
0 .00164 X 2 .226 
0.00325 X 4 .0474 
0 .00576 X 2 .0130 
0.00836 X 4 .00403 
0 .01185 X 2 .00140 
0.01525 X 4 .000532 
0.01620 X 2 .000226 
0.01469 X 4 .000104 
0.01155 X 2 .0000485 
0 .00695 X 4 .0000240 
0.00300 X 2 .0000128 
0 .00070 X 4 
.000007001 
o X 1 .00000390 
~ 
I\) 
I\) 
~ 
0 
!l> 
8 
~ 
I\) 
0'\ 
8 
Load 
increment 120 to 140 mph tL 
(lb) ('Ie; 133 .389 mph) 
4,196 3.60 
6,780 5 .81 
10,170 8 .72 
13,560 11 .63 
16,950 14 .54 
20, 340 17 .44 
23,730 20. 35 
27 ,120 23 .26 
30,510 26 .17 
33 ,900 29.07 
37,290 31.98 
40, 680 34 .89 
44, 070 37 .80 
47,460 40.70 
50,850 43 .61 
54,240 46 .52 
57,630 49 .43 
61,020 52 .33 
64,410 55 .24 
67 ,800 58.15 
140 to 160 mph 
TABLE II 
EVALUATION OF PROBABILITY DISTRIBUTION OF LOADS 
BY AIRSPEED BRACKET 
(a) Values of Ue ~ for Each Airspeed Bracket kVe 
tL/kVe for airspeed bracket -
160 to 180 mph 180 to 200 mph 200 to 220 mph 
('Ie; 152 .019 mph) ('Ie; 171 .193 mph) ('Ie; 190.488 mph) ('Ie; 209 .462 mph) 
3.16 2.80 2.52 2·29 
5 .10 4.53 4.07 3.70 
7.65 6 .80 6.11 5 .55 
10 .20 9 .06 8 .14 7.41 
12.76 11.33 10.18 9.26 
15.31 13.59 12 .22 11.11 
17 .86 15 .86 14 .25 12 .96 
20 . 41 18 .12 16 .29 14.81 
22 .96 20 .39 18.32 16.66 
25 .51 22 .65 20 . 36 18 .52 
28 . 06 24 .92 22.40 20 ·37 
30. 61 27 .19 24 .43 22.22 
33 .17 29.45 26.47 24.07 
35 .72 31 .72 28 .50 25 ·92: 
38 .27 33 .98 30 .54 27 ·77 
40. 82 36 .25 32.58 29 .62 
43 . 37 38 .51 34 .61 31.48 
45.92 40.78 36 .65 33 ·33 
48.47 43.04 38.68 35 .18 
51 .02 45 .31 40.72 37.03 
_L...-.- - - - ------
220 to 240 mph 
('Ie; 227.981 mph) 
2.11 
3.40 
5·10 
6.80 
8 .51 
10 .21 
11.91 
13.61 
15·31 
17.01 
18.71 
20.41 
22.11 
23.82 
25 .52 
27.22 
28.92 
30.62 
32.32 
34 .02 
240 to 260 mph 
(Ve ; 244 .826 mph) 
1.96 
3·17 
4.75 
6.34 
7 .92 
9.50 
11.09 
12 .67 
14 .26 
15.84 
17 .42 
19 ·01 
20.59 
22.18 
23 .76 
25 .35 
26 .93 
28 .51 
30 .10 
31.68 
~ 
~ 
o 
~ 
~ 
f\) 
0\ 
8' 
f\) 
W 
24 
TABLE II - Cont inued 
EVALUATION OF PROBABILITY DISTRIBUTION OF LOADS 
BY AIRSPEED BRACKET - Continued 
(b) Values of 1 - F3(~~) and F4(Ve2) - F4(Ve1) 
~or each airspeed bracket 
NACA TN 2660 
~ponents in this table refer to factor 10 which was omitted for 
brevity. Thus ) 1 .19-1 signifies 1 .19 X 10-1 .] 
Load 1 - F3(~j for airspeed bracket _ 
increment) 
6L 120 to 140 to 160 to 180 to 200 to 220 to 240 to 
(lb) 140 mph 160 mph 180 mph 200 mph 220 mph 240 mph 260 mph 
4)196 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
6) 780 2. 27 -1 3.88-1 6.78-1 9 .43-1 1.00 1.00 1.00 
10)170 2.29 -2 5 . 24-2 1.08-1 1.58-1 2.88-1 3.88-1 6 .27-1 
13)560 3.82-3 8 .65- 3 1.80-2 3.22-2 5 .60-2 1.08-1 1. 30-1 
16)950 7 .70-4 2.05-3 4.20 -3 8 .65 -3 1.72- 2 2.58 -2 4. 40 -2 
20, 340 2.00-4 5 .22-4 1. 29 -3 2.58-3 4.80-3 8 .65 -3 1 . 48 -2 
23)730 6.00-5 1.82-4 4.18-4 8 .75 -4 2.00-3 3.12- 3 4.80-3 
27 )120 2.08-5 5 .80-5 1. 48-4 3.32- 4 6.78 - 4 1. 29 -3 2.08-3 
30) 510 7. 48 -6 2. 38-5 5 .80-5 1.33-4 2.88- 4 5 .22-4 8 .75 - 4 
33)900 3.22-6 9 .18-6 2 .62-5 6 .00-5 1.27- 4 2 .30-4 4.30-4 
37)290 1.52-6 4.22-6 1.18-5 2.70-5 5 .80-5 1. 20- 4 1.90-4 
40)680 7 . 40-7 2.17-6 5 .50-6 1. 38-5 2.89 -5 5 .80-5 1.00-4 
44)070 3.68-7 1.08-6 2.83-6 7 .08-6 1.52-5 2 .95-5 5 .65 -5 
47)460 1.90-7 6 .00-7 1.62-6 3.80-6 8 .3r6 1.68-5 3.08-5 
50) 850 1.00-7 3.22-7 9 .1r7 2.20-6 4.75 -6 9 .00-6 1.86-5 
54)240 5 .40-8 1.82-7 5 .28-7 1. 30-6 2.8r6 5 .4r6 9 .65-6 
57)630 2.82-8 1.02-7 3.13-7 7.85-7 2.19-6 4.45 -6 6.05-6 
61) 020 1 .57-8 6 .10-8 1.88-7 4.78-7 1.0r6 2.12-6 3.80-6 
64)410 8 .60-9 3.55-8' 1.13-7 3.00-7 6 .85-7 1. 34-6 2. 48-6 
67)800 4.89 -9 2.04-8 6 .70-8 1.88-7 4. 38-7 9 .00-7 1.60-6 
F4(Ve2) - F4(Ve1) 0.0161 0.0680 0.1702 0. 2968 0. 2884 0 .1412 0.0193 
4N NACA TN 2660 
Load 
increment, 
6L 
(lb) 
4,196 
6,780 
10,170 
13,560 
16,950 
20, 340 
23 ,730 
27 ,120 
30,510 
33 ,900 
37 , 290 
40, 680 
44,070 
47, 460 
50,850 
54,240 
57, 630 
61, 020 
64,410 
67,800 
TABLE II - Concluded 
EVALUATION OF PROBABILITY DISTRIBUTION OF LOADS 
BY AIRSPEED BRACKET - Concluded 
(c) Probability Di stribution of Load Increments by Airspeed Bracket 
[1 - F3(~)J r 4(Ve2) - F4(vel)l 
[Exponent s i n this table refer t o factor 10 which was omitted for 
brevi t y . Thus, 1 .19-1 si gnifies 1.19 X 10-lJ 
f -F3 (6L/ kVe)] [F4(Ve2) - F4(Ve1)] 
for airspeed bracket -
1 - F(6L) 
120 to 140 t o 160 to 180 t o 200 to 220 to 240 t o 
140 mph 160 mph 180 mph 200 mph 220 mph 240 mph 260 mph 
1. 61-2 6 .80-2 -1 1.70. 2.97-1 2.88-1 1.41-1 1.93- 2 9 .99-1 
3.65 -3 2.64-2 1.15-1 2.80-1 2 .88-1 1.41-1 1.9r2 8 .73-1 
3.69 -4 3.56-3 1.84 -2 4. 69-2 8.31-2 5 .48-2 1. 21-2 2.19-1 
6 .15-5 5 .88-4 3.06-3 9 .56-3 1. 62-2 1.52-2 2.51- 3 4.72-2 
1. 24-5 1. 39-4 7 .15-4 2.5r 3 4.96-3 3.64-3 8 .49- 4 1. 29 -2 
3.22 -6 3.55-5 2.20-4 7 .66 -4 1. 38-3 1. 22-3 2.86-4 3.91-3 
9 .66-7 1. 24-5 7 .11-5 2.60-4 5 .77-4 4.41-4 9. 26-5 1. 46-3 
3. 35 -7 3.94-6 2.52-5 9.85-5 1.96-4 1.82-4 4.01-5 5 .46-4 
1.20-7 1.62-6 9 .87-6 3.95-5 8.31-5 7. 37-5 1. 69 -5 2.25 -4 
5 .18-8 6.24-7 4.46-6 1.78-5 3.66-5 3.25 -5 8 .30-6 1.00-4 
2.45-8 2.8r 7 2.01-6 8 .01-6 1. 6r 5 1.69-5 3.6r6 4.76-5 
1 .19-8 1. 48-7 9 .36-7 4.10-6 8 .3r 6 8 .19-6 1.93-6 2. 36-5 
5 .92-9 7 .34-8 4. 82-7 2.10-6 4.38-6 4.1r6 1.09-6 1. 23-5 
3.06-9 4.08-8 2.76-7 1.13-6 2.40-6 2. 37-6 5 .94-7 6 .81-6 
1.61-9 2.19-8 1.56-7 6.5r 7 1. 3r 6 1. 27-6 3.59 -7 3.8r 6 
8 .69 -10 1. 24-8 8 .99-8 3.86-7 8 .16-7 7 .6r 7 1.86-7 2.26-6 
4. 54-10 6.94-9 5 . 33-8 2 .33-7 6.32-7 6 .28-7 1. 17-7 1. 6r 6 
2.5r1O 4.15-9 3.20 -8 1. 42-7 2.97-7 2.99-7 7 .3r 8 8 .48-7 
1. 38-10 2.41-9 1.92-8 8 .90-8 1.98-7 1.89 -7 4.79 -8 5.46-7 
7 .8T ll 1. 39-9 1.14-8 5 .58-8 1. 26-7 1. 2T 7 3.09-8 3.5r 7 
25 
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Figure 1 .- Pr obability that an effective gust veloc ity will exceed a 
given value f or severa l available flight condition s . 
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Figure 2.- Pictorial representation of volume integral equation (12), 
F(6L) = J F3(eV~)f4(Ve) dVe · 
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Figure 3. - Probability that a value of effective gust velocity will be " 
greater than indicated value. 
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Figure 4.- Frequency function of equivalent airspeed f4(Ve) indicating 
the proportion of flight distance covered at given values of airspeed. 
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Figure 5.- Probability that a value of load increment will be greater 
than indicated value. 
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than indicated value with flight loads data for ' 834 hours of 
operation . 
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Figure 7.- Probability that a value of load increment will occur in a 
given airspeed bracket and exceed indicated value. 
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Figure 8.- Airspeed-load-increment envelopes for given flight distances. 
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Figure 9.- Comparison of measured and predicted airspeed-load-increment 
envelopes for 28,116 hours of operation. 
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